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photic stimulation may increase
mortality rate in preterm babies.
Indeed, sudden infant death
syndrome is significantly more
common in preterm, low birth
weight infants [18].
Neonatal photosensitivity
perhaps also acts as an immature
form of vision because ipRGCs
project to image-forming visual
areas [5,19]. Indeed, although
ipRGCs do not convey information
on visual acuity, they may provide
global information on other
aspects of visual perception such
as motion, for example. The initial
over production of ipRGCs may
also consolidate the development
of retinal projections both to the
accessory and to the image-
forming visual system. Immature
neighbouring retinal ganglion
cells, including ipRGCs [13], fire in
spontaneous correlated bursts of
action potentials, resulting in
waves propagating across the
retinal ganglion cell layer [6]
(Figure 1, upper panel). These
waves emerge during late
embryogenesis and they
disappear during the first
postnatal month (between P15
and P21 in mouse). There is good
evidence that these early,
spontaneous waves drive the
Hebbian strengthening of
connections in retinal projections
[20]. It is therefore very likely that
wiring of ipRGC projections are
influenced both by spontaneous
and light-driven activity in these
immature cells.
In summary, the discovery of
neonatal retinal photosensitivity
has opened a plethora of
fascinating questions that
undoubtedly will lead to many
more breakthroughs in our
understanding of how the
environment influences the
development of brain functions.
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Eukaryotes have evolved a
quality-control process that
allows cells to degrade mRNAs
with premature termination
codons. This process, termed
nonsense-mediated mRNA decay
(NMD), eliminates mRNAs that
might otherwise encode truncated
proteins that interfere with normal
cellular processes, thus acting as
natural ‘dominant negatives’ [1–3].
Once believed to function solely
as a ‘guardian’ against newly
arising nonsense mutations, NMD
is now emerging as a pathway
that governs general cellular gene
regulation. Genome-wide studies
have recently revealed a long list
of natural NMD targets [4–7]. And
as they reported recently in
Current Biology, Mitrovich and
Anderson [8] have now found that
NMD plays a role in the regulation
of pseudogenes. 
Pseudogenes are non-
functional genes or gene
fragments that have accumulated
nonsense mutations by genetic
Messenger RNA Surveillance:
Neutralizing Natural Nonsense
Messenger RNA transcripts that contain premature stop codons are
degraded by a process termed nonsense-mediated mRNA decay
(NMD). Although previously thought of as a pathway that rids the cell of
non-functional mRNAs arising from mutations and processing errors,
new research suggests a more general and evolutionarily important
role for NMD in the control of gene expression.
drift. As a consequence, they are
likely natural substrates for NMD.
Mitrovich and Anderson [8] used
the nematode Caenorhabditis
elegans as a model organism to
search for pseudogenes that are
upregulated as a result of
inactivation of the NMD pathway.
Extending previous findings in
worms and yeast [6,7], they [8]
found four different sets of
expressed pseudogenes to be
specifically upregulated in NMD-
deficient worms, indicating that
NMD is required for the
downregulation of pseudogene
expression. 
Interestingly, Mitrovich and
Anderson [8] discovered that a
small nucleolar RNA (snoRNA) is
encoded from an intron
embedded within one of the
pseudogenes affected by NMD.
As NMD acts on the mRNA after
pre-mRNA splicing, accumulation
of the snoRNA-encoding intron
should not be affected by NMD. A
functional role as host for the
snoRNA can therefore be
preserved by the nascent
pseudogene transcript in spite of
NMD (Figure 1).
The mechanism of NMD has
been studied in some detail. Three
Upf proteins, Upf1, Upf2 and Upf3
(called Smg2, Smg3 and Smg4 in
nematodes, respectively), play
critical roles in recognizing
mRNAs with premature
termination codons (reviewed in
[1–3]). The Upf proteins are
believed to recognize the
premature termination codon in
conjunction with the translational
release factors, eRF1 and eRF3,
after an initial round of mRNA
translation [9,10]. The particular
mechanism by which the Upf
proteins help determine if a
termination codon is premature is
not clear and may differ
somewhat between organisms.
For example, in mammalian cells
premature termination codons are
believed to be recognized when
located 55 nucleotides or more
upstream of an exon–exon
junction, marked by the
deposition of an exon-junction
complex that remains on the
mRNA after splicing [1–3]. By
contrast, in the budding yeast
Saccharomyces cerevisiae, the
distance between the termination
codon and the poly(A) tail appears
to play a critical role [11]. It is
currently unclear how premature
termination codons are
recognized by the Smg proteins in
C. elegans.
The core NMD apparatus is
phylogenetically conserved from
yeast to humans, and this implies
it has a fundamental role in the
cell. It has been hard to justify the
presence of such a well-
conserved machinery solely to
protect the cell from relatively
infrequent nonsense mutations.
Hence, a role in normal cellular
processes would be more rational
from an evolutionary perspective.
This view is supported by several
lines of evidence. S. cerevisiae
cells deficient in NMD experience
an accelerated senescence,
related to changes in telomere
silencing and shortening of
telomeres [12]. In C. elegans,
NMD affects transcripts encoding
SR splicing proteins [13] and
ribosomal proteins [7]. An
additional role for the human NMD
factor hSmg1 in DNA-damage
response further broadens the
biological repertoire of this
system (Figure 2) [14]. NMD is,
however, non-essential in yeast
and worms. By contrast, depletion
of Upf1 in mice leads to
embryonic death at the
implantation stage [15].
What is the nature of natural
NMD substrates? NMD targets
have been identified in studies
where mRNA levels in normal
yeast and human cells were
compared with NMD-deficient
cells using microarrays [5,6].
Natural targets that have been
identified in this manner include
alternatively spliced products,
gene rearrangement by-products,
mRNAs with introns in the 3′
untranslated region (UTR),
cytoplasmic pre-mRNAs,
endogenous retroviral and
transposon RNAs and mRNAs
with upstream open reading
frames [5–7]. 
NMD does not, however,
appear to target just random gene
products in the cell, but it may
play a specialized role in the
regulation of specific pathways.
For example, Mendell et al. [5]
found that reducing the level of
human Upf1 using a short-
interfering (si)RNA led to
upregulation of several mRNAs
that encode proteins involved in
amino acid metabolism (Figure 2)
[5]. As amino acid starvation
causes translational inhibition,
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Figure 1. A mechanism for production of functional non-coding RNA from an NMD-
targeted pseudogene. 
At the top is shown a pseudogene with five exons (blue bars) and four introns (lines).
Intron 2 encodes a snoRNA (green bar), as found by Mitrovich and Anderson [8]. A pre-
mature termination codon in exon 4 (red bar) makes the pseudogene mRNA an NMD
substrate. Orange ‘pacmen’ depict exonucleases used to release the snoRNA from
intron 1, The premature termination codon is recognized by the Upf factors, activating
mRNA decay enzymes [18].
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which in turn results in inhibition
of NMD, concurrent upregulation
of the NMD-sensitive mRNAs
encoding amino acid metabolism
proteins would be expected. Out
of 12 upregulated genes
annotated on the microarray as
being involved in amino-acid
metabolism, two encode
transcription factors that play a
part in the response to amino acid
starvation. This suggests a
mechanism by which NMD is used
to rapidly upregulate amino acid
metabolism genes in response to
amino acid starvation. In support,
He et al. [6] also found that
several genes involved in amino
acid metabolism are upregulated
in NMD-deficient yeast.
NMD may also play a role in
the preservation of intron-
encoded small non-coding RNAs.
In their recent study in C.
elegans, Mitrovich and Anderson
[8] used subtractive hybridization
to search for differentially
expressed genes between wild-
type and NMD-deficient worms.
Four groups of pseudogenes
were specifically stabilized in
NMD mutants, indicating that
NMD is necessary for silencing of
these pseudogenes. Whether this
is a mechanism that allows the
pseudogenes to drift with
untranslatable intermediates
during evolution, as proposed by
the authors, is intrinsically hard
to test. 
A functional role is suggested,
however, by the finding of a
snoRNA encoded within one of
the expressed pseudogenes [8].
snoRNAs belong to the small non-
coding RNAs, a group of
untranslatable transcripts which
also includes small nuclear RNAs
(snRNAs), micro RNAs (miRNAs)
and others. Several snoRNAs and
miRNAs are encoded within
introns. The results of Mitrovich
and Anderson [8] suggest that
NMD plays a key role in
maintaining the pseudogene-
encoded snoRNA, because NMD
rids the cell of the pseudogene
transcript without affecting the
level of the snoRNA, which
resides within an intron of the
pseudogene and is accordingly
not influenced by NMD (Figure 1).
In the absence of NMD, the
pseudogene may not have been
tolerated and may have been
removed over evolution. It is
tempting to speculate that a
similar NMD-regulated process
exists for miRNAs, and that
pseudogenes encoding miRNAs
will be found.
The discovery of expressed
pseudogenes as natural targets
for NMD correlates with the yeast
microarray study, where one out
of every four annotated
pseudogenes was found to be
upregulated in NMD-deficient
strains [6]. No upregulated
pseudogenes were reported in the
human microarray study [5], but
this could be due to absence of
probes for NMD-sensitive
pseudogenes on the microarray
chip. Pseudogenes could be
regarded as an evolutionary
reservoir of ‘spare parts’ that can
be resurrected. They are often
related to genes involved in
environmental responses [16],
thereby increasing the
adaptability to environmental
changes. 
Several snoRNAs have been
found embedded within introns of
genes with no other apparent
function than hosting the snoRNA
[17]. These genes are transcribed,
processed and polyadenylated
but lack any protein coding
capacity and show no apparent
resemblance to known genes [17].
The snoRNA-containing
pseudogene described by
Mitrovich and Anderson [8] is 97%
identical to the functional gene,
and could constitute an early step
towards the production of a non-
functional snoRNA host gene. To
what extent this resemblance can
be extrapolated to a more general
hosting function of pseudogenes
for non-coding RNAs is an
interesting goal for further studies.
By extension, independent
transcription units of non-coding
RNA genes may be relics of
deteriorated pseudogenes.
Perhaps such non-coding RNAs
survive outside a functional
pseudogene environment by the
acquisition of their own promoter
elements.
NMD is now proven to be
involved in the silencing of
pseudogenes, and an indirect role
in non-coding RNA regulation is
proposed. Given the many natural
targets of NMD, it is perhaps not
surprising that NMD is essential in
the mouse. It will be very
interesting to learn what other
regulatory networks are controlled
by NMD. During evolution, NMD
has likely been incorporated in the
normal cellular processes, and a
new paradigm for NMD may be
approaching, in which NMD has
been adapted to control gene
expression.
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Figure 2. Overview of the
effects of NMD in normal
biology. 
Regulation of gene expres-
sion through RNA surveil-
lance affects the levels of
transcripts encoded by
pseudogenes, a subset of
transcription factors, genes
involved in amino acid
metabolism, transposable
elements and retroviruses.
Components of the NMD
machinery have also been
shown to promote translation [19] and to monitor DNA fitness by their involvement in
telomere maintenance and in DNA damage response [14,20].
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